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INTRODUCTION. 

Rationale: Over 120 million rodents are used in research each year globally [2-4], most of which are 
housed in barren shoebox-sized cages, often containing little more than food, water, and contact 
bedding [5]. These conditions are considerably different from their wild ones, in which home ranges can 
extend several cubic meters [6, 7]. In the wild, rodents can run, burrow, build nests, forage and explore, 
sometimes travelling hundreds or even thousands of meters when food is sparse [6]. Laboratory rodents 
are highly motivated to perform many of these natural behaviours (e.g. burrowing, nest building, 
foraging, exploring and running [8-11]), all of which are thwarted in conventional cages. Rodents thus 
prefer cages which are well-resourced (often termed “enriched”) with opportunities to perform many 
natural behaviours [10], sometimes pushing weights heavier than themselves for access [12]. In 
conventional cages (when rodents are inhibited from performing these natural behaviours) we 
commonly see signs of poor welfare that include abnormal behaviours [13-17], cognitive “pessimism” 
[18-21], impaired sleep quality [22, 23], and reduced resilience to acute stressors [24] (e.g. showing 
prolonged tachycardia after injection) [25]. Thus, when conventional cages thwart natural behaviours, 
rodents show signs of chronic stress [26]. 

The stress induced by conventional cages also has biological costs. In humans, chronic stress can 
shorten lifespans and increase disease susceptibility [27-29]. The same effects can be observed in 
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conventionally housed rodents: they are more susceptible to stress-sensitive diseases (i.e. anxiety, 
cancer, cardiovascular disease, depression and stroke) and have shortened lifespans [30]. Conventional 
cages thus have a quantitative impact on experimental results: they increase the relative severity of 
stress-sensitive disease models. But can these biological costs also impact the degree to which rodent 
data generalize to human patients?  

Currently, the majority of animal studies cannot be replicated [31-34], or fail in translatability 
[35-37]. Only 9-14% of drugs that work in animals go on to succeed in human clinical trials [38-42]. Some 
researchers have proposed that, as a consequence of the poor welfare induced by conventional cages, 
experimental rodents no longer model the majority of human patients [43-48]. However, these 
arguments are typically put forth without empirical data, and it is still unknown whether cage condition 
can qualitatively change experimental results such that the conclusions we draw from these 
experiments are altered. In this systematic review and meta-analysis, we will address this question by 
compiling data from biomedical studies using factorial designs to assess how housing environments alter 
the effectiveness or strength of potential disease outcome modifiers (such as drugs or other therapies, 
e.g. vaccines; diets; genetic effects; age; experimental lesions), such that there are housing*disease 
modifier interactions. It will also build on our previous systematic review and meta-analyses [30] which 
showed that barren cage conditions increased disease severity. We hypothesize that the stress from 
conventional rodent housing so alters animal physiology that it contributes to the current translatability 
crisis by qualitatively altering experimental results. This hypothesis predicts that there will be interactive 
effects between housing conditions and disease modifiers such that the use of different cage conditions 
will generate different conclusions about risk factors (e.g., sex, age) or potential treatments for diseases.  

Reference to previous systematic review and meta-analysis: This systematic review and meta-analysis 
will build from a previous study. We will update the search conducted on May 24, 2020, and use the 
same title/abstract screening questions from that study. Then, we will conduct a new full-text screen 
with new inclusion/exclusion criteria for the current study. The previous study protocol is archived at 
https://atrium.lib.uoguelph.ca/xmlui/handle/10214/17955, and the previous manuscript can be found 
at [30]. 

Defining key terms: Three important terms are defined in our previous protocol (and again here) here to 
clarify the screening and data extraction criteria below.  

Disease: “An impairment of the normal state of the living animal or plant body or one of its parts that 
interrupts or modifies the performance of the vital functions, is typically manifested by distinguishing 
signs and symptoms, and is a response to environmental factors (as malnutrition, industrial hazards, 
or climate), to specific infective agents (as worms, bacteria, or viruses), to inherent defects of the 
organism (as genetic anomalies), or to combinations of these factors.” [49] 

Model: A model needs to be defined separately from a test. “Defining a protocol as a “test” or a 
“model” is not a mere matter of terms, but it capitalizes on the difference between measuring a 
response versus evoking a pathology.” [50]. Based on this description, we define a disease model as one 
evoking a pathology. 

Resource (i.e. environmental “enrichment”): A resource will be defined as any structural item added to 
the cage determined by the publishing authors to be “enrichment” beyond nesting material alone. This 
will not include other rodents, olfactory, gustatory or auditory “enrichment”.  

Objectives: The objective of this protocol is to define the methods for a systematic review to assess the 
interactive effects of cage condition and experimental outcomes. The specific review question to be 
addressed in this protocol and following systematic review is as follows: 

https://atrium.lib.uoguelph.ca/xmlui/handle/10214/17955
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For experimental mice and rats, does cage condition interact with disease modifiers to generate 
different experimental conclusions? 

i. Population: laboratory mice and rats.  
ii. Intervention: well-resourced (“enriched”) housing and a disease model and a disease 

modifier (potential treatment or risk factor) in a fully-crossed 2x2 factorial design. 
iii. Comparator: conventional laboratory housing. 
iv. Outcome: measures of disease severity (limited to those specified in Table 1). 

Defining diseases of interest: The seven diseases of interest (anxiety, asthma, cancer, cardiovascular 
disease, depression, stroke and viral infection) were determined based on previous literature on stress-
sensitive disease and outlined extensively in the previous protocol.   

Outcomes: Each outcome measure extracted will be specific to the disease model specified. Due to the 
breadth of the research question and the numerous potential outcomes used in each study, we 
generated a short list of outcomes that are most relevant to addressing our research question. To do 
this, we chose relevant outcomes by defining which human outcomes have been negatively impacted by 
stress, and cross-referencing those outcomes with ones commonly reported in biomedical rodent 
literature (not specific to “enrichment” literature). If the human literature mentioned specific disease 
outcomes exacerbated by stress and if rodent models had comparable outcome measures, we included 
these in our study. Unfortunately, not all of our rodent models use the same outcome measures as 
human disease. In that case, we took the rodent outcomes most similar to (or representative of) 
outcomes measured in humans. Detailed rationales for these outcomes can be found in the previous 
protocol, but a list of these outcomes can be found in Table 1. 

Table 1. Outcome measures to be extracted for each disease.  

disease outcome measures tests measures 

cardiovascular 
disease 
  

intimal thickening histological assessment mm2 or % of lumen filled 

major depression 
  
  

anhedonia sucrose preference % sucrose/ total drinking 
volume 

helplessness Forced-Swim Tests total time immobile 

Tail Suspension Tests total time immobile 

hippocampal volume volume measurements by 
MRI or histological sections 

% of brain volume or total 
volume in mm3 

cancer 
  
  
  
  

tumor burden 
  
  
  
  

tumor volume mm3 

tumor weight in milligrams 

number of animals with 
tumors 

cross tabulated tables or 
percentages 

metastasis number of metastasis or 
cell count 

number of tumors tumor count 

viral infections 
  

viral load viral load in relevant organ 
or blood (e.g. RT-PCR) 

viral copy number 
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cytokine levels serum or relevant organ 
levels of IL-1b, IL-6 and 
TNFα  

protein levels (pg/mL, 
ug/mL) or mRNA 
expression (ΔΔCT values) 

weight loss rodent weight % change from baseline or 
total weight lost 

anxiety disorders 
  
  
  

behavioural measures 
of anxiety 
  
  
  

Elevated Plus Maze % time spent in open arm 

Open Field Test % time spent in center, 
total freezing time, rearing, 
defecation 

Light/Dark Box % time in light side 

Social Interaction Test % time spent interacting 

asthma 
  
  

total cell number total cell number in lung 
tissue or airspaces 

cell count 

eosinophils total cell number in lung 
tissue or airspaces 

cell count 

cytokine levels serum levels of IL-4, IL-5 
and IFN-γ 

protein levels (pg/mL, 
ug/mL) or mRNA 
expression (ΔΔCT values) 

stroke 
  
  
  
  
  
  

infarct volume histological assessment 
(e.g. TTC, H&E) 

mm3 or % of hemisphere 

motor and 
sensorimotor tests 
  
  
  
  

composite scores 
(Benderson scale, Modified 
Neurological Severity Score, 
other scoring systems 
specified by the authors) 

ordinal score data 

Accelerated Rotarod mean fall score (RPM) or 
score relative to baseline or 
latency to fall 

Ledge Tapered Beam Test foot faults or distance 
traveled 

Pasta Test number of paw 
adjustments 

Limb Placement Test ordinal score data 

cognitive impairment Morris Water Maze % time spent in target 
quadrant or path length 

 

METHODS.  

Eligibility criteria: 

Intervention: Resources (“enrichments”) must be a factor of the home environment and interventions 
with access to resources outside the home cage will be excluded. A description or clear image of the 
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resources must be available in the article or supplementary material or referenced from another article. 
A statement that a cage is “enriched” will not suffice as a description.  Any study without a description 
or clear image of the “enriched” intervention will be excluded.  

Comparator: The study must contain a comparator group with the same type of social housing as the 
intervention (e.g. singly-housed or group-housed animals). Since it is common for authors to 
inadequately report details of the standard housing conditions, we will include all studies regardless of 
the detail provided in the description of standard conditions (please see data extraction below for more 
details).  

Report Characteristics: The study must be published in English and the article must report primary data.  

Study Designs: Only in vivo studies will be included. All studies must be fully-crossed 2x2 factorial 
designs with differentially-housed rodents exposed to either a disease model only, or a disease model 
plus a disease modifier (e.g. a drug intervention or direct experimental manipulation of a risk factor such 
as sex or age). We assume that all relevant studies will be controlled trials therefore no observational 
studies will be included.  

Information sources:  

Table 2. Databases and information sources to be searched. 

Database/Information Source Interface/URL 

MEDLINE Ovid 

CAB abstracts CAB interface 
Science Citation Index Web of Science 

Proquest Dissertations and Theses A&I (grey 
literature) 

Proquest 

Elsevier SCOPUS 

 

Search strategy: No limits on study design, date or language limits were imposed on the search beyond 
that of the databases themselves, although only studies in English will be included in the review due to 
resource limits. The specific search strategy was created in MEDLINE (OVID interface, 1948 onwards) by 
JC with expertise and input from a health sciences librarian with expertise in systematic review 
searching. After generation of the MEDLINE strategy, the search will be adapted to the syntax and 
subject headings of the other databases listed above.  

Table 3. An example search from May 21, 2020. The literature search strategy was developed using 
medical subject headings (MeSH) and text words related to our population (mouse and rat), intervention 
(environmental “enrichment”) and outcome (disease) topics. This search strategy was designed in 
MEDLINE (Ovid) and adapted for other databases. ti= title, kw= author keywords, ab= abstract exp= 
explode. 

 Search Results 
#1 exp Murinae/  

#2 (mice OR mouse OR Mus OR rodent* OR murine OR rat OR rats).ti,kw,ab.  

#3 #1 OR #2 3355059 

#4 Housing, Animal/  

#5 ((cage OR caging OR caged OR cages OR environment*) adj3 (enrich* OR 
naturalistic)).ti,kw,ab. 
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#6 (“voluntary wheel running" or "running wheel" or "wheel running" or "running 
disk" or “physical activity”).ti,kw,ab. 

 

#7 #4 OR #5 OR #6 123290 

#8 Cardiovascular Diseases/  

#9 ("cardiovascular disease*" or "coronary artery disease" or "myocardial 
infarct*" or "coronary heart disease" or "atherosclero*" or "arteriosclero* 
myocardial ischemia" or "ischemic heart disease" or "coronary heart disease" 
or "APOE" or "Apolipoprotein E" or "intimal thickening" or "lumen stenosis" or 
"lumen occlusion*" or "atherogenic diet*" or "coronary lesion*").ti,kw,ab. 

 

#10 #8 OR #9 655148 

#11 Depressive Disorder/ or Depressive Disorder, Major/  

#12 ("model of depression" or "major depression" or "major depressive disorder" 
or "depressive disorder" or "forced-swim* test" or "forced swim* test" or 
"anhedonia" or "sucrose preference" or "social defeat stress" or "tail 
suspension test" or "chronic mild stress" or "learned helplessness" or "olfactory 
bulbectomy" or "maternal separation" or "chronic restraint stress").ti,ab,kw. 

 

#13 #11 OR #12 131738 

#14 exp Neoplasms/  

#15 (carcino* or cancer or malignant or tumor or tumour).ti,kw,ab.  
#16 #14 OR #15 4149681 

#17 exp Viruses/ or exp Virus/ or Virus Diseases/  

#18 ("viral infection" or virus or "immunodeficiency virus" or HIV or "infectious 
disease" or "respiratory disease" or "upper respiratory disease" or 
influenza).ti,kw,ab. 

 

#19 #17 OR #18 1238126 
#20 Asthma/  

#21 (OVA or asthma or asthmatic or "house dust mite" or "papain" or "atopic" or 
"allergic lung inflammation").ti,ab,kw. 

 

#22 #20 OR #21 221300 
#23 Anxiety/ or Anxiety Disorders/  

#24 ("models of anxiety" or "anxiety disorder*" or "anxiety" or "anxious" or 
"general anxiety" or "material separation" or anxiogenic).ti,kw,ab. 

 

#25 #23 OR #24 218493 

#26 Stroke/  

#27 ("stroke" or "cerebrovascular disease" or "cerebrovascular disorders" or 
"cerebral infarct" or "ischemic stroke" or "intracranial hemorrhage" or 
"intracranial artery disease" or "middle cerebral artery occlusion" or 
"MCAO").ti,kw,ab. 

 

#28 #26 OR #27 274786 
#29 exp Aging/  

#30 (longevity or mortality or survivorship or "survival rate" or survival).ti,kw,ab.  

#31 #29 OR #30 1774382 

#32 #10 OR #13 OR #16 OR #19 OR #22 OR #25 OR #28 OR #31 7452116 

#33 #3 AND #7 AND #32 2692 

 

STUDY RECORDS. 



7 
 

Data management: The results from the searches will be downloaded into a bibliographic software 
EndNote X7TM (Clairvate Analytics, Philadelphia, USA) and de-duplicated using EndNote’sTM algorithms. 
De-duplicated references will be loaded into the online reference software DistillerSR® (Evidence 
Partners, Ottawa, Canada). Prior to screening, a pilot test on the first 100 records for title/abstract, and 
first 25 records for full text, was conducted to ensure consistent data collection between reviewers.  

Selection process: Two independent reviewers will perform the selection process and risk of bias 
assessment. This review will have two selection stages. The first, scanning the title and abstract for 
eligibility and the second, reading whole text articles for eligibility. 

 Stage 1, scanning title and abstract (previously conducted): 

I. Could this article be potentially relevant to this review? 
II. Is the title and/or abstract available in English?  

III. Does the title and/or abstract describe a primary in vivo research trial?  
IV. Does the title and/or abstract use laboratory mice or rats for their study?  
V. Does the title and/or abstract use environmental ‘enrichment’ as an intervention?  

VI. Does the title and/or abstract report the use of one of the disease models of interest and/or 
study survival/mortality?  

All questions will have a response YES, NO and UNCLEAR. Any study receiving a NO for any question will 
be excluded.   

Stage 2, whole text articles: 

i. Is the full text available? 
ii. Is the study available in English and over 500 words? 
iii. Is it a primary in vivo research trial (i.e. not a review)? 
iv. Do the researchers use laboratory mice or rats in the study? 
v. Does the study use a fully-crossed 2x2 factorial design? 
vi. Does the study use appropriate environmental enrichment (as described in the exclusion 

criteria) as an intervention?  
vii. Does the study use appropriate (as described in the exclusion criteria) standard housing as a 

comparator?  
viii. Does the study include one of the disease models of interest (i.e. cardiovascular disease, 

major depression, cancer, viral infection, asthma, anxiety disorders and/or stroke)?  
ix. Does the study measure any of the outcomes listed in Table 1? 

All questions will have a response YES or NO. Answers to question viii. will be YES or NO, but an answer 
of YES will generate a list of possible biomedical disease models for data extraction. A reference will only 
be excluded if both reviewers answer NO to any screening question. Any conflicts will be resolved by 
consensus. If consensus cannot be reached, a third person on the review team will be consulted. Any 
study receiving a NO for any question will be excluded.   

Data extraction process: Two reviewers will extract data from eligible studies independently using a 
form created in DistillerSR®. This form will be pilot tested using 10 references by all reviewers in order to 
ensure consistency in data extraction. Authors will not be contacted to request missing data or to clarify 
published results unless there is an obvious or apparent typo (e.g. flipped axis labels are contradictory to 
the author’s conclusion and text results). In this case, authors will be contacted once and no follow up 
contact will be made.  
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Data items: 

The following information will be extracted: 

i. Study ID: authors, title, year and journal 
ii. Study design characteristics: sample size for control and treatment groups 
iii. Animal model characteristics: species, strain, genotype (if applicable) sex, age 
iv. Intervention and comparator characteristics: cage size, whether open top or individually 

ventilated (IVC), length of time in caging before disease induction (if applicable), age of 
introduction, resources provided (see below), number of animals per cage, frequency of 
object rotation and/or cage cleaning rates.  

v. Disease model characteristics: name of model and model description, time from disease 
induction to outcome measure. 

vi. Outcome measures: see Table 1. 

Information will be extracted from all articles determined to be relevant from the screening process.  

For papers with no/limited description of the comparator (conventionally housed), we will assume that 
the housing condition is equivalent to the minimum guidelines set for that country at that time. We will 
also assume that cage cleaning rates and housing density are the same for both control and enriched 
conditions unless otherwise specified. 

Cage conditions: Details of housing conditions will be extracted from each study included in the review. 
Resources will be classified based on eight parameters (relative to what is provided in the conventional 
condition):  

1) space 
2) foraging opportunities 
3) shelter/hiding opportunities 
4) climbing/3-D movement 
5) extra nesting material/sleeping places (e.g. hammock) 
6) wheel(s) 
7) exploration/novelty provision 
8) chewing/gnawing opportunities 

Red flags: We will assess if there are potential red flags that could reduce or abolish the effectiveness of 
the enrichment. To do so, we will extract data on potential red flags: 

a) Enrichment that is supplied for less time than the disease can develop/remit in. 
b) Novelty that is rotated very often (e.g. daily) that may induce a neophobic response.  
c) Animals that are old (> middle aged) and are likely to be anhedonic or timid when faced with 

change. 
d) Animals that are paired or group housed male mice (which can increase aggression). 

OUTCOMES AND PRIORITIZATION. 

For all outcomes listed below we will extract raw data. Since adjusted data is relatively rare, adjusted 
data will be extracted only when raw data is not reported.  

Outcome data to be extracted: Relevant outcome data to be extracted can be found in Table 1.  

Continuous measures: For continuous outcome measures, mean, standard deviation (or standard error) 
and sample size will be extracted to calculate, and report standardized mean difference in the meta-
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analysis. For studies which do not report specific sample size (but give a range of sample sizes) the 
smallest possible sample size will be used to give the most conservative estimate of the 95% confidence 
interval. For studies that do not report the mean and standard deviation in the text (main text or 
supplemental), we will extract data from graphical information using Web Plot Digitizer 
(https://automeris.io/WebPlotDigitizer/). Studies that do not report how error bars were generated 
(standard deviation or standard error) will be excluded from the meta-analysis. 

We will extract outcomes for all four values in our 2 x 2 factorial design to calculate effect sizes for each 
interactive effect [51]: conventional and well-resourced rodents exposed to a disease model only and to 
a disease model plus a disease modifier (e.g. a drug intervention).  

Risk of bias in individual studies: The risk of bias will be assessed using Systematic Review Protocols for 
Animal Intervention Studies (SYRCLE)’s risk of bias tool. Risk of bias will be conducted independently in 
duplicate by two reviewers, and the form will be pre-tested on the first 10 citations to ensure clarity and 
consistency between reviewers. This tool and checklist can be found here: 
https://bmcmedresmethodol.biomedcentral.com/articles/10.1186/1471-2288-14-43#Tab3 

DATA. 

Data synthesis. To summarize the findings, we will conduct a qualitative assessment of the available 
data since interactive effects across different diseases and disease modifiers are expected to vary (and 
to not occur in every case). This will allow us to determine the frequency of disease modifier * housing 
interactions, and how often these effects are synergistic or agonistic. 

We will conduct a meta-analysis (using R Studio) only if there are sufficiently similar interventions 
between studies (i.e. > 3 studies use the same disease and modifier). We will calculate effect sizes for 
each study based on methods outlined in [51]. Heterogeneity will be assessed using I2 and a value of 
>50% will be considered as being substantial heterogeneity [52].  

Meta-regression. If possible, meta-regressions will be performed to assess potential sources of data 
heterogeneity based on the following: species (rat or mouse), sex, disease, and resource quality 
characteristics (e.g. wheels, shelters, nesting opportunities etc.). We will also conduct these analyse with 
red flag studies removed, to determine if they impact the interactive effects of housing and disease 
condition. 

Meta-bias. The potential for publication bias will be explored using funnel plots if ≥10 studies are 
available for any individual meta-analysis.  

Confidence in Cumulative evidence. The strength of the body of evidence will be assessed using The 
Grading of Recommendations Assessment, Development and Evaluation (GRADE) guidelines [53] in all 
studies included in the meta-analysis. 

DISCUSSION. This systematic review will synthesize current evidence surrounding the interactive effect 
of housing conditions, potential health modifiers, and disease outcomes or mortality rates in biomedical 
research. The results of this review will address whether conventional rodent housing can alter 
experimental conclusions, and thus contribute to the current translatability crisis.  

  

https://automeris.io/WebPlotDigitizer/
https://bmcmedresmethodol.biomedcentral.com/articles/10.1186/1471-2288-14-43#Tab3
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